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1 INTRODUCTION
Multi-scale theoretical approach to X-ray absorption spectra in dis-
ordered systems: an application to the study of Zn(II) in water
Francesco Stellato,a,g Matteo Calandra,b Francesco D’Acapito,c Emiliano De Santis,d Giovanni La Penna,a,e
Giancarlo Rossi,a,d, f and Silvia Morante,a,d
We develop a multi-scale theoretical approach aimed at calculating from first principles X-ray absorption spectra of liquid
solutions and disordered systems. We test the method by considering the paradigmatic case of Zn(II) in water which,
besides being relevant in itself, is also of interest for biology. With the help of classical molecular dynamics simulations
we start by producing bunches of configurations differing for the Zn(II)-water coordination mode. Different coordination
modes are obtained by making use of the so-called dummy atoms method. From the collected molecular dynamics
trajectories, snapshots of a more manageable subsystem encompassing the metal site and two solvation layers are
cut out. Density functional theory is used to optimize and relax these reduced system configurations employing a
uniform dielectric to mimic the surrounding bulk liquid water. On the resulting structures, fully quantum mechanical
X-ray absorption spectra calculations are performed by including core-hole effects and core-level shifts. The proposed
approach does not rely on any guessing or fitting of the force field or of the atomic positions of the system. The
comparison of the theoretically computed spectrum with the experimental Zn K-edge XANES data unambiguously
demonstrates that among the different a priori possible geometries, Zn(II) in water lives in an octahedral coordination
mode.
1 Introduction
Zinc is the second (after iron) most abundant transition metal in
living organisms. It is known to carry out a number of important
different tasks in complex with proteins. A detailed knowledge of
zinc ion chemistry is essential for understanding its role in biology
and for designing either complexes that deliver zinc to proteins or
chelating agents that instead remove zinc from proteins1.
A necessary premise to all these investigations is of course the
identification of the Zn(II) coordination mode in water. The struc-
ture of this system is in principle quite simple, and yet it is still
under debate in the literature.
The most commonly observed Zn(II)-water coordination mode
is the hexa-coordinated octahedral one2–4. However, penta- and
tetra-coordinated structures have been also proposed1,5–7 and are
observed when Zn is in complex with proteins or in the presence
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of solvents different from pure water8–11.
The relevance of non-octahedral coordination geometries is still
a matter of debate (see Ref. 1 for a survey). Moreover, the pres-
ence of a small fraction of Zn(OH)+ aqua-ions is possible, even at
physiological conditions, because at pH=7.4 one expects that in
about 1% of the cases the Zn(II) ion is coordinated to an OH−
ion. Depending on the nature of the anion X in the ZnX2 salt
that is dissolved in water and of its concentration, the presence
of ZnXn|
(2 – n)+, n= 1,2,3, species has been proposed since a long
time12. We see from this discussion that, even the coordination
mode of a simple system like Zn(II) in water solution can be af-
fected by the existence of several other species, all probed by spec-
troscopy. Thus a self-consistent computational tool able to directly
model the spectrum and to include all these effects is necessary to
be able to reliably settle the question.
Various experimental3,13 and computational14,15 techniques
have been used to study the coordination of Zn(II) ions in wa-
ter. Among the experimental techniques, X-ray absorption spec-
troscopy (XAS) is the ideal tool for probing the local environment
around a selected atom in a disordered system. XAS works, in
fact, for systems in any state of aggregation and can therefore be
used for structural investigations of metal ions in solution. An-
other remarkable feature of this technique is that the choice of the
XAS absorption edge allows for chemical and orbital selectivity.
This “tunability” has led to the development of X-ray microscopy
as a powerful analytical technique, with the possibility of detailed
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2 MATERIALS AND METHODS
space resolved measurements (imaging) even for trace concentra-
tions, as it is often the case in biology16.
A XAS spectrum is commonly divided into two regions according
to the kinetic energy of the extracted electron: the so called XANES
(X-ray Absorption Near Edge Structure) region that conventionally
extends from a few eV before the edge energy (in the case of the
K-edge the latter is the ionization energy of the 1s electron of the
absorbing atom) and few tenths of eV above it, and the EXAFS
(Extended X-ray Absorption Fine Structure) region that starts after
the XANES portion of the spectrum and extends 500-1000 eV after
the edge.
The XANES region, in which the extracted electron undergoes
mainly multiple scattering events with the surrounding atoms,
in principle contains detailed information about the local atomic
structure around the absorbing atom17–20. However, in order to
extract geometrical information from the XANES, a quite accurate
guess of the actual geometrical arrangement of the atoms sur-
rounding the absorber must be available. This is necessary be-
cause, given the low kinetic energy of the extracted electron, its
behaviour strongly depends on the details of lattice and core-hole
potentials in the vicinity of the absorbing atom.
Various approaches aimed at extracting valuable structural in-
formation from the XANES spectrum have been developed and are
routinely used 21–23. Some of them (e.g. the one implemented in
the popular MXAN code21), make use of the so-called “muffin-tin”
approximation, which consists in assuming a spherical scattering
potential centered on each atom and a constant value in the in-
terstitial region among atoms. A different class of approaches is
based on first principles electronic structure computations either
via the calculation of the real-space Green function23 or exploiting
plane waves basis sets and pseudopotentials24–27. The approach
we shall present and discuss in the work belongs to this last class
of methods.
On the computational side, classical and quantum-mechanical
methods have been employed either alone14,15,28–31 or in combi-
nation with experimental information to determine the structures
of ions in solution. Synergic methods of this kind rely on the idea
of producing via molecular dynamics (MD) simulations a pool of
individual configurations of the system representative of static dis-
order effects. The average over the XANES spectra computed for
each one of the collected configurations is in the end compared to
experimental data.
This kind of strategy was also employed in Ref. 13, where Zn(II)
structures in water are constructed from classical MD simulations
guided by a force field in turn fitted on an underlying density-
functional theory (DFT) calculation. The MXAN software, employ-
ing the muffin-tin potential, is finally used to compute the theoret-
ical spectrum.
In this paper we present a parameter-free first principles calcu-
lation of the XANES spectrum of Zn(II) in water similar to the one
that has been already successfully developed in Ref. 32 for Cu(II)
in water. In the present case we improved our XANES calculation
strategy by taking care of very relevant aspects, such as the core-
level shift calculation (see section 2.4 for the details), that were
not dealt with in the previous work32. We proceed by first gen-
erating by classical MD equilibrated configurations of Zn(II) in a
large box of water molecules. From the large system snapshots,
configurations of a smaller subsystem including the metal site and
two solvation layers are cut out. The latter are then relaxed within
the DFT formalism suitable for large (100-1000) atomic assem-
blies. The relaxation step is intended to drive to acceptable values
the forces resulting from the extraction of a sub-set of atoms from
the larger system and the quantum mechanical inclusion of va-
lence electrons (that we represent in terms of plane waves) and
core pseudopotentials.
Our calculations were performed in a plane wave formalism.
The main advantages of this method with respect to local basis
sets are twofold. First, structural optimization is more robust in
a plane waves formalism as there are no Pulay forces and it is
not necessary to displace the localized sets. Thus, even for very
large atomic displacement and optimized structures very different
from the initial guess, the optimization step remains very reliable.
This is crucial in liquids, where the atoms are substantially free to
move and large statistic is required to compare calculations with
experiments33. Second, atomic orbitals are more inaccurate as the
energy of the XAS spectrum increases (far-edge region) and the
final state is closer to a scattering state (i.e. a plane wave). Fi-
nally, from the computational point of view, our approach relies
on the Lanczos method and continuous fractions which only re-
quire the knowledge of the electronic charge density and avoid the
cumbersome explicit calculation of excited states. This represents
a substantial computational gain as neither the band energies nor
the wavefunctions of the empty electronic state are needed. This
aspect is important when dealing with relatively large cells (about
100 atoms), which, as observed in the literature34, are required to
properly calculate XANES spectra. The XANES spectrum is there-
fore here computed by performing a fully self-consistent DFT calcu-
lation based on plane waves and the use of pseudopotentials24–27.
The comparison of the computed spectrum with the experimen-
tal Zn K-edge XANES data unambiguously shows that among the
different a priori possible geometries, Zn(II) in water lives in an
octahedral coordination mode
Methodologically the computational strategy we present in
this work is an important step in the direction of an unbiased,
quantum-mechanical framework aiming at a parameter-free calcu-
lation of the XANES spectra of disordered systems. The simplicity
and the success of the strategy we have illustrated and tested in
this work make us to believe that it can be exported to more com-
plicated situations like the one we encounter in disordered systems
and in systems of biological relevance.
2 Materials and Methods
2.1 Experimental data
The experimental spectrum which we will compare our theoretical
calculation with was measured at the GILDA beamline at ESRF35.
The monochromator was equipped with two Si(311) crystals and
was run in the sagittally focusing configuration. Collimation and
harmonic rejection was achieved via two Pd coated mirrors work-
ing at 3 mrads (cutoff energy = 22 keV). XAS data were collected
in fluorescence mode using a 7 elements high-purity-germanium
detector. Zn solution was obtained by dissolving 2 mM of ZnCl2
2
2 MATERIALS AND METHODS 2.2 Building empirical Zn(II) coordination geometries
salt in deionized water. Data were collected at room temperature.
2.2 Building empirical Zn(II) coordination geometries
The first step of our computational strategy consists in the con-
struction of representatives of the a priori possible coordination
geometries of the metal ion in water. In the case of Zn(II) the
relevant metal coordination modes we need to focus on are the oc-
tahedral, tetrahedral and square-planar configurations. It should
be noticed that the somewhat unusual square-planar coordination
was considered to model the approximate Zn penta-coordination
arising when one water molecule approaches the plane formed by
the 4 nearest Zn ligand water molecules from an axial direction
(see the discussion in Sect. 3).
A practical way to build the desired geometrical water arrange-
ments around the metal site is to make recourse to the “dummy
atoms” method36. The method consists in placing at fixed posi-
tions positive charges (referred to as dummy atoms) around the
metal ion center taken as neutral. The location and the charges of
the dummy atoms are chosen so as to match the selected geometry,
octahedral, tetrahedral and square-planar, respectively, with the Zn
charge distributed over them ∗. By running a sufficiently long MD
simulations (1 ns turns out to be a sufficiently long time) dummy
charges have the effect of “gently” pushing the water molecules
surrounding the metal site to take their positions in the desired
geometry.
In the case of the octahedral coordination 6 dummy atoms each
of charge e/3 (e is the electron charge) are located at the vertices
of an octahedron with its center on the Zn site. In the case of the
square-planar coordination, we have 4 dummy atoms of charge
e/3 each sitting at the vertices of a square with its center on the
Zn site. The tetrahedral coordination is construct in a way similar
to the square-planar one, but with the dummy atoms lying at the
vertices of a tetrahedron with Zn at the center †.
The total charge of the cell was kept equal to zero by adding an
appropriate number of Cl− counterions37. In all the geometries
we have considered the dummy atoms are located at a distance of
0.9 Å from the Zn site.
The interactions between Zn and TIP3P water molecules are de-
scribed by a Lennard–Jones potential. The Lennard-Jones parame-
ters of the Zn-O interaction are taken to be σ = 2.49 Å and ε = 2.77
cal/mol. The simulation box was obtained starting from a cubic
box (with side L= 18.774 Å) of TIP3P water molecules38 endowed
with periodic boundary conditions and equilibrated by Monte
Carlo methods at normal conditions (T = 300 K and p = 1 bar),
where 3 water molecules were replaced by a Zn atom and two
chloride anions (for charge neutralization). The resulting system
∗We note incidentally that the charge smearing provided by dummy atoms helps avoid-
ing possible spurious effects due to a too high charge density concentration at the
metal site.
† It should be observed that in the cases of the square-planar and tetrahedral geometries
the total charge of the dummy atoms is smaller than the nominal Zn ion charge,
QZn(II) = 2|e|. This is not a problem as we are here only preparing initial configurations
of Zn in water with the metal ion in the desired coordination mode that will be then
relaxed by DFT methods (see next section) with each atom having its correct electron
number.
is composed by one Zn atom, two chloride anions and 213 water
molecules. Owing to periodic boundary conditions electrostatic
interactions were computed employing the smooth particle-mesh
Ewald (SPME) method39. We took a cut-off of 9 Å, a mesh grid
with 0.1 Å spacing and a PME direct space energy tolerance of
10−4 kcal/mol. Classical MD simulations in the N,V,T ensemble
were run with the help of the NAMD code40 with a time step of
2 fs. The temperature was kept fixed at T = 300 K by using the
stochastic Berendsen thermostat41. Bond length constraints for
bonds involving H atoms was enforced with the help of the SHAKE
algorithm42.
2.3 Density functional theory calculations
As we discussed in the previous section, in order to sample the sys-
tem configuration space, we have proceeded by selecting for each
Zn coordination geometry (octahedral, tetrahedral and square-
planar) an adequately large number of configurations along the
collected MD trajectories. These will be used for the successive
calculation of the XANES spectrum.
We have found that 20 configurations per each one of the three
Zn coordination modes we are considering are enough. As we
shall see, in fact, with this number we are able to capture the sys-
tem thermal and structural fluctuations as they are probed by the
XANES spectrum. Adding further configurations on the other hand
improves neither the quality of the theoretical spectrum nor its sta-
tistical significance. In practice we have selected one configuration
every 50 ps along the 1 ns long MD trajectories.
For the actual first principles XANES calculation we are aiming
at, the systems we have constructed are too big. Taking advan-
tage of the fact that for the determination of the XANES spectrum
only features within the second Zn solvation shell are relevant, we
have cut out from the whole system a sphere around the metal
ion including up to the second solvation shell. An analysis of the
Zn-O radial distribution function on the configurations collected
along the simulated MD trajectories shows that on average 29 wa-
ter molecules are contained in this sphere. Noting that none of the
selected configurations displays a chloride anion within 6 Å from
Zn, the final systems we will be considering for the successive anal-
ysis are just made by the Zn ion plus the 29 water molecules closest
to Zn.
These reduced system are inserted in a cubic super-cell box with
a side of 2.2 nm with the “empty” space filled with a uniform di-
electric mimicking the bulk liquid water at standard conditions43.
At this point all the configurations need to be relaxed to eliminate
unphysical strains and contacts. This is done with the help of the
Broyden–Fletcher–Goldfarb–Shanno quasi-Newton algorithm44 by
minimizing the system potential energy.
The latter is quantum-mechanically evaluated in the DFT for-
malism using the QUANTUMESPRESSO (v. 5.0.2) suite of pro-
grams45,46. We use Vanderbilt ultra-soft pseudopotentials47
with inclusion of semicore states for Zn and the PBE exchange-
correlation functional48. Electronic wave functions were ex-
panded in plane waves up to an energy cutoff of 50 Ry, while a
500 Ry energy cutoff was used for the expansion of the charge
density. The Γ-point sampling in reciprocal space was adopted in
3
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all the electronic structure calculations.
It should be noted that the relaxation step which all the se-
lected configuration are subjected to is not intended for bring-
ing the system to its absolute (global) minimum which strictly
speaking would represent the uninteresting T = 0 system config-
uration ‡. The decrease in potential energy is mostly due to re-
laxation of bond distances towards their equilibrium values with
the non-bonding interactions assisting these local changes. Within
the number of relaxation steps that we have employed we wit-
ness a change in the Zn coordination mode only in the case of
the metastable square-planar coordination that in a number of in-
stances turn into a square base pyramidal or an octahedral coor-
dination. The octahedral and tetrahedral Zn coordination modes
look instead quite stable local minima of the system configuration
space.
In Table 1 we compare the structural parameters before (i.e. in
the configurations extracted from the MD simulation) and after
the DFT relaxation step for the three bunches of configurations of
the reduced system we have considered, The Table is divided in
two parts. The left (columns 1 to 5) and right (columns 6 to 10)
part refer to the structures before and after the DFT relaxation,
respectively. In the parts of the Table, in the first column we indi-
cate the Zn coordination mode at the beginning and at the end of
the relaxation procedure with in parentheses the number of con-
figurations having the same geometry we have considered. As we
remarked above, only in the case of the initial square-planar ge-
ometry the Zn coordination mode evolves into different structures.
In 12 cases Zn ends up in a square base pyramidal coordination,
in 5 cases in an octahedral one and in the remaining 3 cases the
Zn coordination remains unmodified. In the second and third col-
umn of each half of the Table we report the radius of the first and
second Zn solvation shell averaged over the set of configurations
with the same geometry. The error is taken as half the dispersion
of the values computed over each set of configurations. It should
be noted that the dispersion of the values of the mean radius of the
first solvation shell (∆r(1)) is definitely smaller than for the disper-
sion of the mean radius of the second solvation shell (∆r(2)), both
before and after the relaxation step. This should be interpreted as
a sign of the variability of the second solvation shell even among
configurations having the same geometry. One also notices that
the errors obtained after the DFT relaxation are always larger than
those coming directly out from MD simulations indicating a larger
geometrical variability of configurations after DFT relaxation.
In the fourth column of each part we show the value of the
Bond Valence Sum (BVS)49 averaged over the configurations of
each type of Zn coordination. BVS is an empirical parameter that,
when charges and structural parameters of nearby atoms are cor-
rectly assigned, should come out to be of the order of magnitude
of the nominal ion oxydation state, which is 2 in the case at hand.
It is worth pointing out that, while the BVS values obtained for
the MD structures are always higher than the expected value of 2,
those calculated for the DFT relaxed structures are in agreement
‡ If any, one would like to minimize the free energy of the system and not its potential
energy.
with the expected one. This confirms that the DFT relaxation is a
relevant step to obtain reliable structural parameters.
Finally, in the last column we give the values of the Zn charge
computed according to the Natural Orbital Population (NOP) anal-
ysis50. The calculation was performed with the help of the Gaus-
sian code51,52 using the hybrid M06-2X exchange functional53
for Zn. The DFT set-up emploies a localized basis-set of type 6-
31+G(d) for N, O, C and H atoms, and LANL2DZ for Zn, the latter
including a pseudopotential approximation for Zn core electrons.
The NOP analysis is little sensitive to the choice of the basis-set.
Solvent effects are modelled by means of the implicit polarizable
continuum model of Ref. 54. Fixed atomic coordinates correspond-
ing to the MD and DFT relaxed structures which Table 1 refers to
are used in the NOP electronic calculations.
The Zn charges obtained from the present analysis are consis-
tent with previous calculations of Zn(II) in water in octahedral
coordination performed in55. As observed, the amount of positive
charge transfer from the metal ion to ligands decreases when wa-
ter molecules are added in the second shell at fixed coordination
geometry. Indeed, in Ref. 55 it was found that the charge on Zn in-
creases from 1.4 to 1.7, upon adding up to three water molecules
to the second shell. In our calculation, where the whole second
shell is included, the positive charge is, instead, more delocalized
as a consequence of using the PBE exchange functional. Since the
decrease of charge transfer occurs mainly because the number of
ligands decreases, as expected, the increase of the Zn charge in
our case is smaller than in the case considered in Ref. 55. This is
in accordance with the fact that in the latter case only a few water
molecules (up to three) were added to the second shell, while in
our case a fully occupied second shell of water molecules is always
part of the system.
In Fig. 1 we show examples of the geometry of the Zn(II)-water
environment in the case of the octahedral (panel a)), tetrahedral
(panel b)) and penta-coordinated mode (panel c)).
2.4 Computation of the XANES spectrum
We have computed the XANES spectrum of the 20 relaxed octa-
hedral and tetrahedral configurations listed in Table 1 using the
XSPECTRA 24–27 package of the QUANTUMESPRESSO suite. As
for the square-planar coordination, the calculation of the XANES
spectrum was carried out only for the (more numerous) 12 final
square based pyramidal (penta-coordinated) configurations result-
ing from the relaxation of the square planar geometry.
The theoretical XANES spectra that will be finally compared with
the experimental data are the averages taken over the set of con-
figurations belonging to each coordination geometry (octahedral,
tetrahedral and square based pyramidal).
The XANES calculation was performed in the dipole approxima-
tion. Core-hole effects were taken into account by generating a Zn
pseudopotential with a hole in the 1s state. The spectra are con-
voluted56,57 with a Lorentzian having an arctangent-like, energy-
dependent width Γ. The minimum of Γ, attained at low energy
and up to the Fermi energy, is taken to be 1.7 eV, while its maxi-
mum, reached at high (infinite) energy is 4 eV. The inflection point
is located at 30 eV.
4
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MD structures DFT relaxed structures
Geometry r(1)±∆r(1) r(2)±∆r(2) BVS Zn charge Geometry r(1)±∆r(1) r(2)±∆r(2) BVS Zn charge
oct (20) 1.93 ± 0.05 4.2 ± 0.2 3.2 ± 0.2 1.51±0.01 oct (20) 2.12 ± 0.08 4.2 ± 0.3 2.0 ± 0.1 1.51±0.01
tth (20) 1.86 ± 0.06 4.1 ± 0.2 2.6 ± 0.2 1.62±0.01 tth (20) 1.96 ± 0.06 4.1 ± 0.3 2.0 ± 0.1 1.62±0.01
sqp (3) 2.01 ± 0.04 4.2 ± 0.3 1.8 ± 0.1 1.68±0.02
sqp (20) 1.95 ± 0.07 4.2 ± 0.2 2.4 ± 0.1 1.58±0.05 sqp (12) 2.06 ± 0.09 4.2 ± 0.3 1.9 ± 0.1 1.58±0.01
oct (5) 2.13 ± 0.09 4.2 ± 0.3 1.9 ± 0.1 1.52±0.01
Table 1 The “evolution” of the structural parameters from the configurations extracted along the MD simulation (left half of the table) to the configurations
after the DFT relaxation step (right half of the table). The quantities r(1) and r(2) are the mean distances between Zn and water oxygen atoms in the
first and second solvation sphere, respectively, averaged over the set of configurations whose number is reported in parentheses. Errors on distances
are taken as half the dispersion of the mean values for each geometry. In the last two columns of each half we report the values of the Bond Valence
Sum (BVS) 49 and of the Zn charge, calculated using the NOP procedure 50, averaged over each set of configurations. Errors are statistical. We use
the following abbreviations: octahedral = oct; tetrahedral = tth; square planar = sqp; square base pyramidal = sqbp.
In the presence, as it is the case here, of inequivalent absorb-
ing sites in the unit cell, the value of the energy, Ei, of the initial
state depends on the geometry around the absorbing site due to
the core-level shift. Thus, in order to have a sensible comparison
among the theoretically computed XANES spectra for each geom-
etry so as to be able to correctly match the energies in performing
the average, the spectra of each set need to be “re-aligned” by ex-
plicitly calculating the core level shift as explained in Refs. 58–62.
More precisely, we first align the energies of the lowest unoccupied
level of each configuration, εLUB, and then we displace the whole
spectrum by the difference E∗TOT −ETOT , where E∗TOT and ETOT
are the total energies of the given configuration in the presence
and in the absence of a core-hole, respectively59 §. This correction
is often claimed to be negligible and ignored. An explicit calcula-
tion for the three sets of configurations we considered shows that
this is not the case here. For example, in the case of octahedral
configurations, the core-level shift can be as large as about 1 eV, as
shown in the histogram of Fig. 2.
3 Results
As we said, in Table 1 we summarize the geometrical modifica-
tions occurring at the end of the DFT relaxation step to the three
(octahedral, tetrahedral and square-planar) sets of 20 configura-
tions extracted from the 1 ns classical MD simulations described in
Sect. 2.
The first very clear (and not unexpected) result is that the
square-planar configurational appears to be quite unstable. In fact,
only 3 (out of 20) configurations maintain the square-planar ge-
ometry after the DFT relaxation step. Note also that in these three
cases the BVS value is significantly lower than its nominal value.
Among the other square-planar initial configurations, in 12 cases a
fifth water molecule is attracted within the Zn coordination sphere
and in 5 cases a further extra water molecule approaches the ion.
Our simulation data show that the instability of the square-planar
§ The core level shift is calculated according to the formula (see eq. (22) of Ref. 59)
E→ E− εLUB +(E∗TOT −ETOT ) .
In this shift the energy of the lowest unoccupied electronic band, εLUB, is subtracted
and the total energy difference between the system with one 1s core hole plus one
electron in the first available electronic state (E∗TOT ) and that of the ground state
(ETOT ) is added.
geometry is not to be ascribed to a too small number of ligands,
but rather to the requirement of a spherically symmetric ligand ar-
rangement, as forced by the spherical symmetry of the d10 elec-
tronic structure of Zn2+. We see, in fact, that starting from a
tetrahedral configuration, which features the same number of lig-
ands as the square-planar configuration, not only this coordination
mode is maintained, but the corresponding BVS value is like what
we expect it to be.
However, as already mentioned in the previous section, we stress
that none of the initially tetrahedral coordinations changes its co-
ordination number. This is due to the interactions between the
first and the second solvation layers (see also below) that, despite
the low energy involved in hydrogen bonds, do not allow the dis-
placement of water molecules from the second to the first Zn co-
ordination sphere. This lack of mobility is a usual effect in energy
relaxation in systems containing many water molecules extracted
from a larger liquid sample.
The situation for the octahedral geometry is similar to what we
see in the tetrahedral case. The octahedral geometry looks very
stable and the only visible effect of the DFT relaxation is a slight
increase of the ligands–Zn mean distance.
It is worth noticing that including the second solvation shell of
Zn in the DFT model allows to properly take into account the in-
teractions between the Zn-bound water molecules and the envi-
ronment of the complex in solution. For the average distance be-
tween O belonging to water molecules in the Zn first solvation
shell and O belonging to water molecules in the Zn second sol-
vation shell, 〈r(1,2)〉, we find in the octahedral geometry case of
〈r(1,2)〉|Zninwater = 2.7± 0.3 Å. This value is smaller than the value
obtained by averaging the O-O distances contributing to the first
peak (r≤ 3.5 Å) in the radial distribution function of the TIP3P wa-
ter molecules, for which one finds 〈r(1,2)〉|purewater = 3.0±0.3 Å. As
already observed in other calculations 13,14,63, the hydrogen bond
between Zn-bound water molecules and water molecules in the
second solvation shell is stronger than the hydrogen bonds of liq-
uid water. This difference confirms that, as expected, the Zn-bound
water molecules are interacting via activated hydrogen bonds with
nearby water molecules. These interactions affect the electron
ground state around the Zn center and, thanks to the quantum
mechanical DFT treatment used in our approach, they are fully
included in the simulation of the XANES spectra.
The XSPECTRA code is employed to compute the XANES spec-
5
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Coordination mode R-factor
octahedral 0.06
tetrahedral 0.19
penta-coordinated 0.09
Table 2 R-factors comparing experimental data and simulated spec-
tra for the octahedral, tetrahedral and square base pyramidal (penta-
coordinated) geometry, respectively.
trum of each one of the configurations belonging to the three ge-
ometries listed in the second column of Table 1 (20 configurations
for the octahedral and tetrahedral geometry, and 12 for the square
base pyramidal one (penta-coordinated)).
As described in Sect. 2.4, each spectrum computed in this way is
appropriately shifted and convoluted with a Lorentzian. Then, an
average of the shifted and convoluted spectra is performed within
each class of coordination geometry. The three average spectra are
finally compared to experimental data taken at the GILDA beam-
line at ESRF35. The comparison is shown in Fig. 3 where in red
we have drawn the experimental curve and in blue the theoretical
ones.
We clearly see that the octahedral geometry is in very good
agreement with the experimental XANES spectrum. On the con-
trary, the simulated spectra from the tetrahedral and the penta-
coordinated geometries strongly deviate from the experimental
one. This conclusion can be made more quantitative by computing
and comparing of the R-factors of the three sets of data ¶. They
are collected in Table 2.
One gets R = 0.06 for the octahedral coordination mode, R =
0.19 for the tetrahedral one and R= 0.09 for the penta-coordinated
mode. These numbers confirm the qualitative observation already
drawn by looking at Fig. 3 that the coordination mode of Zn in
water is octahedral. This conclusion is certainly not unexpected.
But the key point of the strategy we have presented is that this
result has been obtained in a fully first principles approach with
no free parameters and no fitting.
4 Conclusions
Extending the general strategy we have developed in the case of Cu
in water32, we have been able to accurately reproduce the XANES
spectrum of Zn(II) in water, proving that among different a priori
plausible geometries, Zn in water lives in an octahedral coordina-
tion.
The main virtue of the approach we present in this paper is that
the calculation of the XANES spectrum is performed from first prin-
ciples in a completely parameter-free way.
Rather good fits of the XANES spectrum of Zn in water are al-
ready available in the literature13,64. However, in those works,
¶The R-factor is an estimate of the similarity between two sets of data. It is defined by
the formula
R=
∑Ni=1 |µex(Ei)−µ th(Ei)|
∑Ni=1 |µex(Ei)|
where µex(Ei) and µ th(Ei) are the two sets of data, typically µex(Ei) and µ th(Ei) are
the experimental and the simulated/theoretical data, respectively.
some kind of fit against a variable number of nonstructural param-
eters was performed. A parameter-free approach, like the one ad-
vocated in this paper, is instead aimed at calculating XANES spec-
tra of complex systems of interest, not only in biology, but also in
material science, without ad hoc assumptions or fitting ansätze.
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